Cation substitution effects on structural and optical properties are investigated for films of Prussian-bluetype cyanides, ͑Na 1−x K x ͒ 0.35 Co͓Fe͑CN͒ 6 ͔ 0.74 zH 2 O͑0.07Յ x Յ 0.85͒. Substitution of K + for Na + induces a phase transition from high-spin ͑HS͒ phase with the electronic configuration of Co 2+ ͑t 2g 5 e g 2 ͒-Fe 3+ ͑t 2g 5 ͒ to low-spin ͑LS͒ phase with the electronic configuration of Co 3+ ͑t 2g 6 ͒-Fe 2+ ͑t 2g 6 ͒. At around room temperature, the HS phase ͑LS phase͒ is observed in the region of x Յ 0.2͑x Ն 0.8͒ while two phases coexist in the intermediate-x region ͑0.2Յ x Յ 0.8͒. We interpreted the two-phase region in terms of intrinsic phase separation into small-x ͑Na + -rich͒ and large-x ͑K + -rich͒ regions because the cations can migrate within the crystal to minimize the total free energy. We further confirmed that absorption spectra in the infrared, visible and Co/Fe K edge regions are quantitatively reproduced by the phase-separation model.
I. INTRODUCTION
Phase separation phenomenon is frequently observed in binary alloy and polymer alloy systems, in which total free energy F͑X͒ as a function of order parameter X, e.g., chemical composition, has a common tangent at two values. 1 In this context, the phase separation is possible in hole-doped strongly correlated oxide systems, in which the order parameter is the electron density. 2 Especially, in perovskite-type doped manganites, a colossal magnetoresistive ͑CMR͒ effect is enhanced near phase boundary between ferromagnetic metallic and charge-ordered insulating phases, where the phaseseparation effect is also enhanced. 3 So far, many researchers experimentally [4] [5] [6] [7] [8] [9] [10] [11] and theoretically 12, 13 investigated the system to clarify the relation between the phase separation and the CMR effect. However, origin of the phase separation in doped manganites is still controversial because violation of the local charge neutrality causes significant loss of the electrostatic energy.
The hole doping is also possible in Prussian-blue-type cyanides, A x M͓Fe͑CN͒ 6 ͔ y zH 2 O ͑A and M are an alkaline metal and a transition metal, respectively͒. [14] [15] [16] Crystallographically, the compounds belong to the face-centered cubic ͑Fm3m ; Z =4͒, in which M and Fe form a rock-salt-type ͑NaCl-type͒ network with sharing cyano ͑CN − ͒ moieties, -CN-M-NC-Fe-CN-M-. 17 The alkaline metal ions ͑A + ͒ and part of water molecules ͑zeolite water͒ occupy the nanospaces of the network. Other part of water molecules ͑ligand water͒ occupy the ͓Fe͑CN͒ 6 ͔ vacancy and coordinate to the transition metal M. Cation concentration ͑x͒, and hence the hole-doping level of the d-electron system, can be controlled by an electrochemical method 18, 19 at room temperature. We emphasize that the mobile cation can keep the local charge neutrality, making a sharp contrast with the oxide system. Actually, Moritomo et al. 20 reported doping-induced structural phase transition in films of Na 1.6−x Co͓Fe͑CN͒ 6 ͔ 0.90 2.9H 2 O from Rhombohedral phase ͑x Յ 0.02͒ to cubic phase ͑x Ն 0.14͒. They found that the two lattice structures coexist in the intermediate-x region ͑0.02 Յ x Յ 0.14͒ and interpreted the two-phase region in terms of the intrinsic phase separation into large-x ͑Na + -poor͒ and small-x ͑Na + -rich͒ regions. Among the cyanide system, the Co-Fe cyanide is attracting increasing interest of materials scientists because two electronic phases, the high-spin ͑HS͒ phase with the electronic configuration of Co 2+ ͑t 2g 5 e g 2 ͒-Fe 3+ ͑t 2g 5 ͒ and the low-spin ͑LS͒ phase with the electronic configuration of Co 3+ ͑t 2g 6 ͒-Fe 2+ ͑t 2g 6 ͒, compete with each other. Reflecting larger ionic radius of the HS Co 2+ ͓=0.745 Å ͑Ref. 21͔͒, lattice constant a is much larger ͑Ϸ10.3 Å͒ of the HS phase than that ͑Ϸ9.9 Å͒ of the LS phase. 22 The two electronic phases can be switched by external stimuli, such as temperature, 22 photoexcitation, 23 reduced pressure, 24 hydrostatic pressure, 25 and cation exchange. 19 Especially, Sato et al. 19 reported that substitution of K + for Na + induces a phase transition from the HS phase to the LS phase. In a naive structural discussion based on the ionic radius, this behavior is curious because substitution of the larger K + for the smaller Na + should stabilize the HS phase with larger a value.
In this paper, we report structural phase diagram of ͑Na 1−x K x ͒ 0.35 Co͓Fe͑CN͒ 6 ͔ 0.74 zH 2 O as a function of temperature ͑T͒ and K + concentration ͑x͒. The T-x phase diagram indicates that two phases coexist in a wide x region ͑0.2 Յ x Յ 0.8͒ around room temperature. We interpreted the twophase region in terms of the intrinsic phase separation into the small-x ͑Na + -rich͒ and the large-x ͑K + -rich͒ regions. We further confirmed that absorption spectra in the infrared, visible, and Co/Fe K edge regions are quantitatively reproduced by the phase-separation model.
II. EXPERIMENT

A. Sample preparation and characterization
The films of ͑Na 1−x K x ͒ 0.35 Co͓Fe͑CN͒ 6 ͔ 0.74 zH 2 O were electrochemically synthesized on an indium tin oxide ͑ITO͒ transparent electrodes ͑sheet resistance was 100 ⍀͒ under potentiostatic condition in an aqueous solution containing 0.5 mmol/L K 3 ͓Fe͑CN͒ 6 ͔, 1.25 mmol/L Co͑NO 3 ͒ 2 , and 1 mol/L Na͑NO 3 ͒. The thickness ͑Ϸ1000 nm͒ of the film was determined by the interference pattern in the infraredabsorption spectrum. Then, the films were oxidized at 0.6 V versus a standard Ag/AgCl electrode in 1 mol Na͑NO 3 Fig. 1 , we plotted K + concentration ͑x͒ in film against that ͑x s ͒ in the dipping solution. The magnitude of x systematically increases with x s . We further determined water concentration ͑z͒ with use of a carbon-nitrogen-hydrogen ͑CNH͒ organic elementary analyzer ͑Perkin-Elmer 2400 CNH Elemental Analyzer͒: z = 3.65 at x = 0.07 and z = 2.92 at x = 0.85.
In Fig. 2 we show infrared-absorption spectra ␣͑ប͒ for ͑Na 1−x K x ͒ 0.35 Co͓Fe͑CN͒ 6 ͔ 0.74 zH 2 O film at 300 K. The ␣͑ប͒ spectra were measured with use of an infrared microscope system ͑JASCO IRT-3000͒ equipped with a Fouriertransform-type infrared spectrometer. The transmitted light was focused on a cooled HgCdTe infrared detector. The absorption band observed at 2160 cm −1 for the x = 0.07 film is ascribed to the CN stretching mode of the ͓Fe͑CN͒ 6 ͔ 3− unit in the HS phase. 14, 22 The weak absorption band observed at 2080 cm −1 is due to the CN stretching mode of the residual ͓Fe͑CN͒ 6 ͔ 4− unit. On the other hand, an intense absorption band observed at 2120 cm −1 for the x = 0.85 film is due to the CN stretching mode of the ͓Fe͑CN͒ 6 ͔ 4− unit in the LS phase. 14, 22 Thus, substitution of K + for Na + induces a phase transition from the HS phase to the LS phase.
B. Synchrotron radiation x-ray powder diffraction
In order to investigate the structural properties of the films, x-ray powder-diffraction patterns were measured at the synchrotron-radiation facility, SPring-8. First, the film was carefully removed from the ITO glass with a microspatula and then the fine samples were filled into a 300 m glass capillary. The capillary was sealed up and was put on a Debye-Scherrer camera at the BL02B2 beamline 26 of SPring-8. The powder-diffraction pattern was detected with an imaging plate ͑IP͒. The exposure time of the IP was 5 min. Wavelength of the x-ray was 0.50279 Å. The sample temperature was controlled with a cooled nitrogen gas in the temperature range of 100 K Յ T Յ 300 K. All the films investigated belong to the face-centered cubic ͑Fm3m ; Z =4͒.
C. X-ray absorption measurement
The x-ray absorption near edge structure ͑XANES͒ were investigated at the synchrotron-radiation facility, SPring-8. The measurements were carried out at 300 K at a broad energy-band beamline BL01B1. 27 XANES near the Co and Fe K edge were recorded by a Lytle detector in a fluorescent yield mode with a Si͑111͒ double-crystal monochromator. We adopted a quick-scan method, which enables us to obtain each spectrum in 5 min.
III. RESULTS
A. Structural properties
We show in Fig. 3 temperature dependence of magnified diffraction pattern for ͑Na 1−x K x ͒ 0.35 Co͓Fe͑CN͒ 6 ͔ 0.74 zH 2 O film at various x. The observed peak can be indexed as ͑400͒ reflection in the face-centered-cubic setting. The small-x film ͓͑a͒ x = 0.07͔ is in the HS phase at 300 K while the large-x film ͓͑c͒ x = 0.85͔ is in the LS phase at 300 K. With decrease in temperature, the scattering angle 2 of the small-x film ͑a͒ discontinuously increases from Ϸ11.2°to Ϸ11.6°at 230 K. This structural change corresponds to the thermally induced phase transition from the HS phase ͑a Ϸ 10.34 Å͒ to the LS phase ͑a Ϸ 10.00 Å͒. No structural change is observed for the large-x film ͑c͒, indicating that the film remains in the LS phase ͑a Ϸ 10.00 Å͒. A rather complicated behavior is observed for the intermediate-x film ͓͑b͒ x = 0.37͔: two reflections are observed above 230 K while the lower-lying peak disappears below 230 K. The two-peak feature above 230 K is ascribed to coexistence of the HS phase and the LS phase. Actually, overall diffraction pattern at 300 K is well reproduced by the Rietveld refinement with the two-phase model ͑see Table II͒ . Hereafter, we call this phase-separated state as "HS+ LS" phase. We emphasize that the width of the reflection below 230 K is as sharp as that of the large-x film ͑c͒, indicating that the film is in the single LS phase below 230 K.
We determined magnitudes of a by the Rietveld analysis and plotted them as a function of temperature in Fig. 4 . The small-x film ͓͑a͒ x = 0.07͔ shows a phase transition from the HS phase ͑a Ϸ 10.3 Å͒ to the LS phase ͑a Ϸ 10.0 Å͒. On the other hand, the large-x film ͓͑c͒ x = 0.85͔ is in the LS phase ͑a Ϸ 10.0 Å͒ in the temperature range investigated. In the intermediate-x sample ͓͑b͒ x = 0.36͔, a structural transition from the HS+ LS phase ͑T Ն 230 K͒ to the LS phase ͑T Յ 230 K͒ is observed. Interestingly enough, a of the LS phase shows a slight jump at 230 K ͓see closed circles in Fig.   4͑b͔͒ . This indicates that something, e.g., chemical composition, is different between the low-temperature LS phase and the high-temperature LS phase.
We summarized in Fig. 5͑a͒ structural phase diagram for ͑Na 1−x K x ͒ 0.35 Co͓Fe͑CN͒ 6 ͔ 0.74 zH 2 O against x The HS phase ͑LS phase͒ is observed in the region of x Յ 0.2 ͑x Ն 0.8͒ at around 300 K while the HS+ LS phase appears in the intermediate-x region ͑0.2Յ x Յ 0.8͒. With decrease in temperature, both the HS phase and the HS+ LS phase change into the LS phase. In Figs. 5͑b͒ and 5͑c͒, we plot lattice parameters, a and mass fraction s of the LS phase. Looking at Fig. 5͑b͒ , one may notice that magnitude of a in the HS phase slightly decreases with x. This is perhaps due to decrease in the water concentration ͑z͒: z = 3.65 at x = 0.07 and z = 2.92 at x = 0.85. Magnitude of s linearly increases with x, as indicated by the least-square-fitted straight line in Fig.  5͑c͒ .
These structural features are well understood by a phaseseparation model. 1 Looking at the phase diagram ͓Fig. 5͑a͔͒, one may notice that the HS is stable in the small-x region while the LS phase is stable in the large-x region. Then, the total free energy F͑x͒ is considered to have a common tangent at two doping levels, x HS ͑ϳ0͒ and x LS ͑ϳ1͒. With such a F͑x͒ profile, the cations migrate so as to create Na + -rich ͑x . This equation well explains experimentally obtained s-x curve ͓Fig. 5͑b͔͒. In this phase-separation scenario, the slight jump of a observed at x = 0.37 ͓see Fig. 4͑b͔͒ can be ascribed to the different local K + concentration x local : x local = x for the lowtemperature LS phase and x local = x LS for the high-temperature LS phase. Figure 6 shows the visible absorption spectra ␣͑ប͒ for ͑Na 1−x K x ͒ 0.35 Co͓Fe͑CN͒ 6 ͔ 0.74 zH 2 O film at 300 K. ␣͑ប͒ spectra were measured with a conventional monochromator system with an Xeon lamp. The transmitted light was focused on a Si photodiode and a lock-in detection was adopted to enhance the S / N ratio. The absorption edge for the x = 0.07 film ͑HS phase͒ is assigned to charge-transfer ͑CT͒ transition from the Co 2+ site to the Fe 3+ site. 14, 22 The absorption edge for the x = 0.85 film ͑LS phase͒ is assigned to CT transition from the Fe 2+ site to the Co 3+ site. 16, 22 Here, let us analyze the ␣͑ប͒ spectra in the intermediate-x region within the phase-separation model. If the phase-separated domain is comparable to, or larger than, the wavelength of probe light, the effective absorption coefficient ␣ x ͑ប͒ at x is the spatial average of the local absorption coefficient. Then, ␣ x ͑ប͒ can be expressed as
B. Visible and infrared-absorption spectra
where sЈ is fraction of the LS phase. We regarded the ␣ x=0.07 ͑ប͓͒␣ x=0.85 ͑ប͔͒ spectrum as the ␣ HS ͑ប͓͒␣ LS ͑ប͔͒ spectrum. Broken curved in Fig. 6 are the best-fitted results: sЈ = 0.10 at x = 0.37, sЈ = 0.35 at x = 0.50 and sЈ = 0.75 at x = 0.72. We further applied the same analysis to the infraredabsorption spectra with the same set of sЈ-values. The phaseseparation model with single fitting parameter ͑sЈ͒ quantitatively reproduces the absorption spectra in both the infrared ͑Fig. 2͒ and visible ͑Fig. 6͒ regions.
In Table III , we compare magnitudes of the structurally determined fraction ͑s͒ and that of the spectroscopically determined fraction ͑sЈ͒. Agreement between them is satisfactory except for the x = 0.37 film. We suspect smallness of the domain size causes the discrepancy at x = 0.37. Actually, we obtained a more excellent agreement between s and that ͑sЉ͒ determined by the x-ray absorption spectra, as described in the Sec. III C. Here note that the wavelength of an x ray is order of the interatomic distance, and hence, the x-ray absorption phenomenon is free from the domain-size effect.
C. x-ray absorption spectra Figure 7 shows the x-ray absorption spectra near ͑a͒ Co K edge and ͑b͒ Fe K edge for ͑Na 1−x K x ͒ 0.35 Co͓Fe͑CN͒ 6 ͔ 0.74 zH 2 O film at 300 K. The Co K edge ͑Fe K edge͒ spectra were normalized by the local maxima around 7744 eV ͑7146 eV͒. The Co K edge spectra in Fig. 7͑a͒ shows significant x dependence. 7723 eV peak observed at x = 0.07 is ascribed to the HS Co 2+ ions while 7727 eV peak observed at x = 0.85 is due to the LS Co 3+ ions. 28 Intensity of the 7723 eV peak gradually decreases Fig. 7͑b͒ shows negligible change except for slight redshift ͑Ϸ0.8 eV͒ with increase in x.
We applied the phase-separation model to the x-ray absorption spectra
where sЉ is fraction of the LS phase. We regarded the ␣ x=0.07 ͑ប͒ ͓␣ x=0.85 ͑ប͔͒ spectrum as the ␣ HS ͑ប͒ ͓␣ LS ͑ប͔͒ spectrum. Broken curved in Fig. 7 are the bestfitted results: sЉ = 0.37 at x = 0.37, sЉ = 0.40 at x = 0.50, and sЉ = 0.75 at x = 0.72. In Table III , we compare magnitudes of s and sЉ. Agreement between them is excellent.
IV. DISCUSSION
Finally, let us discuss the origin of the stabilization of the LS phase in the K + -substituted compound ͓see Fig. 5͑a͔͒ . We emphasize that a naive structural discussion based on the ionic radius fails to explain the K + -substitution effect. Because ionic radius ͑=1.51 Å͒ of K + is much larger than that ͑=1.18 Å͒ of Na + and hence the K + doping is expected to stabilize the HS phase with larger unit-cell volume.
The magnitude of the ligand field ͑10Dq͒ around the Co site is a key parameter that governs the stability of the LS phase. Actually, Shimamoto et al. 22 investigated the interrelation between the stability of the LS phase and the concentration ͑y͒ of ͓Fe͑CN͒ 6 ͔, and found that the LS phase is stabilized with increase in y via the enhanced ligand field. In addition, Moritomo et al. 24 investigated the reduced pressure effects on the critical temperature T c for the HS − LS phase transition and found that the removal of the zeolite water stabilizes the LS phase. This phenomenon was ascribed to the volume compression effect, which also enhances the ligand field. In the present solid solution ͑Na 1−x K x ͒ 0.35 Co͓Fe͑CN͒ 6 ͔ 0.74 zH 2 O, the water concentration z decreases from z = 3.65 at x = 0.07 ͑K compound͒ to z = 2.92 at x = 0.85 ͑Na compound͒. Such a reduction in z causes the volume compression in both the HS and LS phases, as observed in Fig. 5͑b͒ . Thus, the stabilization of the LS phase by the K + doping can be ascribed to removal of the zeolite waters and resultant volume compression.
V. SUMMARY
In summary, we systematically investigated lattice structure of ͑Na 1−x K x ͒ 0.35 Co͓Fe͑CN͒ 6 ͔ 0.74 zH 2 O as a function of temperature ͑T͒ and K + concentration ͑x͒, and determined T − x structural phase diagram. The phase diagram indicates that the HS phase and the LS phase coexist in a wide x region ͑0.2Յ x Յ 0.8͒ around room temperature. In the phase-separated region, magnitudes of the structurally determined fraction s of the LS phase agree with those of the spectroscopically determined fraction, sЈ and sЉ. We ascribed the stabilization of the LS phase by the K + doping to removal of the zeolite water and resultant volume compression. 
